Boundary scavenging, or the enhanced removal of adsorption-prone elements from the ocean in areas of high particle flux, is an often cited, though not well-quantified, concept used to understand the oceanic distribution of many trace metals. Because 
Introduction
Boundary scavenging (Bacon et al., 1976; Spencer et al., 1981 ) is a classic mechanism used to understand the cycling of chemical elements having the tendency to adsorb onto sinking particles, or to be scavenged. Scavenging (Goldberg, 1954) affects the cycling of many trace elements from micronutrients, such as Fe (Boyd and Ellwood, 2010) or Co (Bown et al., 2011) , to tracers of dust deposition, such as Al (Measures and Vink, 2000) or Th (Hsieh et al., 2011) . It is therefore valuable to better understand the nature of the boundary scavenging process.
The boundary scavenging mechanism predicts that those elements whose residence times are long enough to allow basinwide isopycnal diffusion ( 4100 yr), such as Pa, will be transported away from areas of low scavenging intensity to be removed in areas of high scavenging intensity (often associated with ocean boundaries) (Bacon, 1988) . This lateral transfer reduces the concentration difference between ocean margin and ocean interior imposed by differential scavenging intensities. An element like Th, on the other hand, whose residence time (o 50 yr) is short enough to limit isopycnal transport, should therefore display concentrations which scale inversely with scavenging intensity. More detailed accounts of the development of boundary scavenging are given elsewhere (Anderson et al., 1990; François, 2007; Roy-Barman, 2009; Rutgers v. d. Loeff and Geibert, 2008 ), but few historical data exist to elucidate it in the dissolved phase of the water column. The prime objectives of this study are to relay new measurements of dissolved 230 Th and 231 Pa throughout the North Pacific and offer a new perspective on the traditional boundary scavenging concept. The North Pacific Ocean lacks active deep water formation, which is known to influence 231 Pa/ 230 Th distributions in the Atlantic where surface waters of low radionuclide concentration are injected to depth (Luo et al., 2010; Moran et al., 2002) . We cannot, however, discount quantitatively the influence of the Pacific Meridional Overturning Circulation (PMOC) on dissolved modeling studies for a more complete treatment of PMOC (Luo et al., 2012) but signify in our work where the influence of overturning may be important. Aside from overturning, we expect 231 Pa and 230 Th distributions to be determined by the balance between production due to U decay, removal by scavenging, and redistribution by mixing. Below we elaborate on how we approach each of these terms. The uniform distribution of 235 U and 234 U (Andersen et al., 2010; Delanghe et al., 2002; Robinson et al., 2004; Weyer et al., 2008) amounts to a constant and uniform production for 231 Pa and 230 Th, respectively, throughout the ocean. The production term, P, depends on the seawater concentration of U, which as a conservative element, varies with salinity (Chen et al., 1986) .
Our basis for understanding scavenging is the one-dimensional reversible-scavenging model (Bacon and Anderson, 1982) . Neglecting lateral inputs, this model predicts a linear increase with depth (z) for the concentration of dissolved (C d ) and particulate (C p ) phases for in-situ-produced scavenged elements. Given a group of small particles, which assumedly carry most of the scavenged element and sink at a constant speed, S, the concentrations are
C d and C p are expressed in units per volume of seawater. K is the distribution coefficient between particulate and dissolved phases (c p /c d ), which may vary as a function of particle concentration or particle composition. If lateral effects can be neglected, distributions of C d , the primary subject of study here, are expected to respond inversely to scavenging intensity, parameterized by SK. When spatial concentration gradients exist, mixing by eddy diffusion will transport radionuclides from areas of high concentration to areas of low concentration. However, for the case of scavenged elements, one must consider the timescale (Δt) required for mixing to take place over a certain length scale (Δx) against the residence time (τ) of the element or isotope in question. Spatial concentration gradients will be undisturbed if Δt⪢τ. On the other hand, imposed gradients could be mixed away if Δt⪡τ. In one-dimension, as presented by Roy-Barman (2009) (Kawabe, 2008) .
The mixing length-scale argument calls for an appropriate definition of τ. Assuming steady-state, neglecting advective or diffusive inputs, the residence time of dissolved 230 Th ( 231 Pa) at any point is given by its concentration divided by the sum of its in situ sources: production via uranium decay and desorption, the latter of which unfortunately cannot be characterized with measurements of only C d . Alternatively, the inventory of C d from the surface to some depth divided by the depth-integrated P results in the average time a dissolved nuclide resides in the integrated water column before being removed to deeper water by scavenging, irrespective of desorption within that depth zone. We find this integrated residence time to be most appropriate when considering the influence of mixing on dissolved nuclide distributions in the absence of constraints on desorption. Nonetheless, this residence time is not independent of advective or diffusive inputs where they exist. The integrated residence time will be an overestimate at locations which receive 
Materials and methods

Dissolved Th (Pa) sampling and analysis
The new data presented here were produced by groups at the Lamont-Doherty Earth Observatory (L-DEO) and the University of British Columbia (UBC). Seven profiles of dissolved 230 Th, 231 Pa, and 232 Th from the SO202-INOPEX cruise of July-August 2009 (Gersonde, 2012 ) (SO202-stations in Fig. 1 ) were produced at L-DEO. Five profiles of dissolved 230 Th from the eastern subarctic Pacific collected in summer 2006 (P and Z stations in Fig. 1 , referred to collectively as Line P in the text) were produced at UBC. Fig. 1 . Map of station locations for dissolved radionuclide data presented in the paper (black circles and squares) and those for which total radionuclide data has been reported: gray triangles (Nozaki et al., 1981) , gray diamonds (Nozaki and Nakanishi, 1985) , gray inverted triangles (Nozaki et al., 1998) , and gray squares (Okubo et al., 2012) . Dashed and dotted lines approximate the subarctic front (SAF) and subarctic boundary (SAB), respectively, as drawn by Harrison et al. (2004) . SO202-refers to the INOPEX cruise; P and Z stations refer to the Line P cruise (see Section 2.1).
Additionally we draw from reported profiles of dissolved 230 Th and 231 Pa from the Hawaii Ocean Time-series collected in 2002 (ALOHA station in Fig. 1 ) produced by the UBC group (François, 2007) and the 2009 "baseline" profile of dissolved 230 Th, 231 Pa, and 232 Th from the US GEOTRACES Intercalibration (SAFe station in Fig. 1 ) produced at L-DEO (Anderson et al., 2012) . Hydrographic data for the newly reported sample locations are included in the Supplementary Material. INOPEX data are available through PAN-GAEA (pangaea.de) and the BCO-DMO data repository (bcodmo. org). SAFe data are available at BCO-DMO.
Both the INOPEX and Line P cruises used similar methods for sampling dissolved (o 0.45 μm) radionuclides. The INOPEX cruise is considered GEOTRACES compliant (see geotraces.org). Detailed sampling procedures are described by Anderson et al. (2012) Pa by co-precipitation with 15-50 mg of added Fe. After HNO 3 -HClO 4 -HF digestion of the precipitate, Th and Pa were isolated and purified using anion exchange chromatography (Bio-rad resin AG1-X8). Full details on L-DEO procedures are reported by Anderson et al. (2012) and UBC procedures are reported by Choi et al. (2001) .
For samples stored for more than a few months prior to Th/Pa purification, a small correction must be made for the ingrowth of We draw upon previously reported profiles of total (dissolvedþparticulate) 230 Th (Nozaki et al., 1981 Nozaki and Nakanishi, 1985; Okubo et al., 2012) and total 231 Pa (Nozaki and Nakanishi, 1985; Nozaki et al., 1998 ) (see Fig. 1 Th (Roy-Barman et al., 1996) , and from AN-1, K ¼0.047 0.01 for 231 Pa (Nozaki et al., 1998) . The uncertainty in K was propagated in our dissolved estimates, but K at a specific location may be outside the cited ranges. Total radionuclides are not corrected for detrital contributions. All radionuclide concentrations have been converted into volumetric radioactivity units (dpm m −3 ), assuming constant seawater density (1026 kg m −3 ).
Hydrographic considerations
We use the term subarctic somewhat loosely to distinguish the INOPEX and Line P stations from the (sub)tropical sites in Fig. 1 . While stations SO202-36, -39, -41, and -44 are a few degrees south of the Subarctic Front defined by the 4 1C isotherm at 100 m depth, they are nearly on the Subarctic Boundary defined by the surface salinity front of S ¼34 (Yasuda, 2003) . The Subarctic Boundary roughly corresponds to the southern and northern limits, respectively, of the cyclonic subarctic gyre and the anticyclonic subtropical gyre which are the major expressions of surface circulation in the North Pacific. There is also a relatively weak shallow overturning cell with a net northward transport of subtropical water balanced by a southward interior flow, in the form of North Pacific Intermediate Water (NPIW) (Macdonald et al., 2009) .
In terms of deep circulation, Kawabe and Fujio (2010) have mapped observed flows of LCDW entering the western North Pacific at approximately 4.5 km depth, which travel north and east throughout the basin. LCDW along with the overlaying Upper Circumpolar Deep Water (UCDW) eventually upwell at various locations to become southward flowing NPDW across the basin between~1.5-3 km depth (Macdonald et al., 2009 ). This represents the schematic pattern of deep overturning in the North Pacific, but advective features may not be the dominant circulation of the basin. Circuitous, random-walk circulation generated by eddies in the deep North Pacific apparently dominate inter-basin water flux pathways Primeau, 2006, 2008) . In the ensuing analysis, we refrain from adhering to an "advectiveocean" circulation framework and consider the influence of eddy diffusion more generally.
Indicators of expected scavenging intensity
Satellite-derived estimates of net primary productivity (NPP) are not directly related to scavenging intensity, but more biological productivity at the surface likely results in a greater sinking flux of scavenging particles. In lieu of detailed observations of the particulate matter and its scavenging characteristics at our study sites (surface area, chemical composition, aggregation tendency, etc.) and due to the long-term nature and excellent geographical coverage of satellite records, we appeal to NPP as a qualitative indicator for spatial variability in scavenging intensity. Monthly SeaWiFS-NPP data (1997) (1998) (1999) (2000) (2001) (2002) (2003) (2004) (2005) (2006) (2007) (2008) (2009) , 1/61-resolution) were time-weighted averaged, ignoring missing values ( Fig. S1 ) (http:// www.science.oregonstate.edu/ocean.productivity) (Behrenfeld and Falkowski, 1997) .
Export production (EP), an alternative qualitative indicator of scavenging intensity (Coale and Bruland, 1987) , is defined as the sinking flux of particulate organic carbon from the euphotic zone to the ocean interior (Eppley and Peterson, 1979) . The ratio of EP to NPP is termed the ef-ratio and can be estimated as a function of sea surface temperature (SST) and NPP itself (Laws et al., 2000) . Export production estimates were derived by calculating the ef-ratio (Laws et al., 2000) and multiplying by the aforementioned long-term average NPP. SSTs for the ef-ratio algorithm were from the World Ocean Atlas 2009 (Locarnini et al., 2010) . One reason that EP may more accurately reflect variations in scavenging intensity than does NPP is that higher EP can be associated with a greater flux of ballasting minerals (biogenic opal, CaCO 3 , and aluminosilicates) (Boyd and Dissolved 230 . Depth profiles of dissolved 230 Th from Line P (P and Z stations in Fig. 1 ). These data have not been corrected for detrital 230 Th (see Section 2.2). The deepest sample in each profile is between 38 and 537 m above the seafloor (see Table 1 ). Where error bars are not visible they are smaller than the symbol size. Table 1 ). A section across the North Pacific (Fig. 4) Th by lateral mixing, as might be expected at the "high-scavenging"-end of the 401N transect, the cited residence times would be an overestimate and the corresponding mixing lengths would be smaller. Advection across concentration gradients will also contribute to a redistribution of advective contribution. Nonetheless, lateral mixing cannot explain the "missing" depletion of 230 Th at high scavenging intensity sites.
Either our indicators of scavenging intensity or mixing rate are inadequate or 230 Th is displaying an unexpected insensitivity to variable scavenging intensities in the subarctic Pacific.
Subarctic North Pacific 230
Th anomalies Station SO202-32 revealed much larger 230 Th concentrations (1.26-1.37 dpm m −3 ) between 4484 m depth and the bottom (5301 m) than would be expected by extrapolating to greater depth the linear part of the profile (between 0 and 3.5 km depth). The neutral density horizon of this concentration anomaly (γ n ¼ 28.10) also shows a positive concentration anomaly in dissolved Si in the area encompassing SO202-32 (~45-501N and 150-1701W). Talley and Joyce (1992) linked this deep Si maximum to extreme age of the bottom water which allows a greater accumulation of dissolved Si from opal dissolution at the seafloor. Perhaps this water mass accumulates dissolved 230 Th due to its long isolation in a low-particle flux environment. Deep waters further south also have much higher 230 Th concentrations (Roy-Barman et al., 1996), but we consider the possibility of advective inflow of 230 Th unlikely as only weak, if any, northward currents propagate toward SO202-32 (Kawabe and Fujio, 2010) .
The profiles from stations SO202-5, -24, -39, and -41 have negative deviations from linearity for the bottommost sample, taken within the benthic mixed layer, as defined by the wellmixed layer of potential temperature at the bottom of the CTD profile (Richards, 1990 ). Although we lack additional information about scavenging intensity in these benthic mixed layers, such as particle concentration, we suggest that the negative deviations in the [ 230 Th] profiles are the result of enhanced scavenging near the seafloor. Bottom scavenging of 230 Th has been found to influence many sites in the central North Pacific (Okubo et al., 2012) . Sediments resuspended by deep currents, or more generally, by eddies and tidal mixing, could cause a scavenging environment with a larger K than the overlaying water column. We observe, however, that bottom scavenging does not always occur. At stations SO202-32, SO202-36, and the SAFe site (see below), 6-7 samples were taken equally spaced within 200 m of the seafloor and no significant vertical concentration gradients were observed. We infer from the spatial heterogeneity of bottom scavenging that local conditions, involving the interaction of eddies and tides with seafloor topography, influence the intensity of scavenging near the seabed.
The 230 Th depth profiles from Line P, SO202-5 and SO202-24 display some curvature (concave down) in the upper km. We interpret this not as reduced scavenging in upper waters but to be due to shoaling of the shallower isopycnals, associated with NPIW, from 451N to 501N (Macdonald et al., 2009 In contrast to the relatively homogeneous 230 Th profiles across the subarctic North Pacific, significant concentration gradients exist between our subarctic profiles and those reported for the subtropical gyre (Fig. 5a ) (Anderson et al., 2012; François, 2007; Nozaki and Nakanishi, 1985; Okubo et al., 2012 Th concentrations is relatively acute along the north-south transect between SO202-36 and BO-6, spanning the subtropics, nearly to the subarctic boundary (see Fig. 1 and BO-6, at 2.5 km, the lateral gradient is 2.3 Â 10 −4 dpm m −3 km −1 . The true lateral gradient may be larger than this, but it cannot be constrained without greater station density. There is no reason to expect smaller rates of lateral mixing in the north-south direction. Consequently, there must be a larger lateral gradient in scavenging intensity across the gyres than within the subarctic to explain the larger lateral concentration gradient in 230 Th. To understand why 230 Th appears to respond to a scavenging gradient in one area (across gyres) and not another (within a gyre) we compare water column 230 Th inventories to a depth of 2.5 km for all locations in Fig. 1 , except P4 where water depth is only 1323 m. At each included site, the seafloor is 4800 m below 2.5 km, to avoid the influence of bottom scavenging. Also, at 2.5 km depth, neutral density does not vary greatly over the North Pacific (γ n ¼ 27.98-28.01). This inventory reflects a bulk average of scavenging intensity within the depth zone integrated. Thorium-230 inventories from INOPEX, Line P, and AN-4 are within 25% of each other (Fig. 6a, Table 1 ). Yet NPP and EP range between 156-300 and 84-155 g C m −2 yr −1 , respectively (factors of 1.9 and 1.8). Two of the sites for which the dissolved inventory is estimated from total 230 Th in this NPP/EP range show relatively high inventories compared with the INOPEX and Line P locations. These sites (BO-1 and CY-5) are proximal to the INOPEX stations near 401N, so it is unlikely that an advective influence is responsible for the discrepancy. The true value of K at BO-1 and CY-5 may be larger than 0.18 70.09, the value assumed when converting total 230 Th to dissolved 230 Th (see Section 2.2). These sites would need, however, K¼ 0.5 to bring the inventories into better agreement. A value that high has typically only been found at very productive near-margin sites, for instance K ¼0.46 in the Guatamala Basin (Bacon and Anderson, 1982) and K ¼0.52 in the Japan Sea . Thus we cannot fully explain the high 230 Th inventories at BO-1 and CY-5.
Thorium-230 inventories rise substantially as NPP and EP decline below 125 and 50 g C m −2 yr −1 , respectively (Fig. 6 ). Inventories at the two subtropical sites (ALOHA and SAFe) from which dissolved data are available rise to nearly twice the average of the subarctic sites. Dissolved inventories based on total 230 Th in the lower NPP/EP range are more variable but all are 41000 dpm m −2 . Variable contributions of detrital 230 Th or unaccounted variations in K across the (sub)tropical sites are unlikely to be large enough to explain this variability.
The observation that 230 Th inventories become much larger only below a certain NPP/EP level signifies an apparent threshold behavior for Th removal. Okubo et al. (2012) This step in Th inventories occurs across a specific threshold of NPP/EP, but the sites on either side of that threshold are geographically distinct. Sites with high and low 230 Th inventories largely coincide, respectively, with the subarctic and subtropical gyres, representing very different biomes (Longhurst, 1998) . Large phytoplankton and diatoms are more prevalent in the subarctic while picoplankton dominate the subtropics (Alvain et al., 2008; Hashioka and Yamanaka, 2007) . We hypothesize that disparate biogeographic communities produce particulate material with sufficiently contrasting physicochemical characteristics (such as surface area, chemical affinity of sorption sties, density, aggregation efficiency, etc.) to produce the threshold between scavenging regimes. This is not inconsistent with our present understanding of boundary scavenging but adds to our knowledge of its geographic scale. "Boundaries" may be more akin to particular biogeographic provinces rather than simply areas of enhanced particle flux. Future studies of marine particulate matter should seek to constrain which of the relevant particle characteristics vary most strongly across the Th scavenging regimes. The dissolved 231 Pa data from the INOPEX sites (Fig. 7) , like those of 230 Th, are similar to each other when compared in depth profile. The upper (o 2.5 km) and full water column residence times of dissolved 231 Pa at SO202-44 are 49 and 103 yr (vs. 11 and 22 yr for 230 Th), respectively. Isopycnal mixing for these timescales would cover a radius of~1800 km in the upper water column, comparable to the SO202-36-44 transect, and 2550 km in the full water column, nearly encompassing the entire subarctic. Therefore within the subarctic, the concentration gradients imposed by variable scavenging intensity could be masked by the redistribution of 231 Pa by isopycnal mixing.
Scavenging regimes for
At station SO202-36, a sample at 996 m depth is outlying as anomalously high compared to the rest of the relatively smooth profile. The 230 Th and 232 Th analyses of this sample had no profile anomaly and the Pa mass spectrometry was repeated with the same result. We therefore attribute the anomalous 231 Pa data point to some other analytical error, perhaps sample-to-sample contamination after Pa had been separated from Th, and do not include it in our analysis. Unlike the Th from 0-2.5 km depth versus (a) Net Primary Productivity (NPP) and (b) Export Productivity (EP) for the INOPEX (triangles), Line P (squares), ALOHA (circles), and SAFE (diamond) stations and the sites for which total 230 Th data are available in the literature (x's). Error bars on the points estimated from total 230 Th include the uncertainty in the distribution coefficient.
Error bars based on dissolved data are roughly the size of the symbols and are omitted for clarity.
depth of [
231 Pa] at depths 43500 m (Fig. 7) . Stations SO202-5 and SO202-36 do not fully resolve this feature, which the deeper INOPEX stations show consistently. Whatever factor is responsible for the anomalously high [ slightly decreasing at depths 4 2 km (compared with 3.5 km in the subarctic). Non-linear depth profiles of total 231 Pa have been reported (Nozaki and Nakanishi, 1985; Nozaki et al., 1998) for the (sub)tropical Pacific (CE-8, CE-13, and AN-1 in Fig. 1 ) which are generally in agreement with both ALOHA and SAFe.
The upper water column (sub)tropical to subarctic contrast in 231 Pa
Inventories down to 2.5 km ( Fig. 8 ; Table 1 ) show a greater disparity between subarctic and subtropical sites (factor of 3) for 231 Pa than for 230 Th (factor of 2). In light of the five-fold greater residence time of dissolved Pa, which allows for more lateral homogenization by lateral mixing than for Th, this larger fractional difference in the upper water column inventory informs us that the difference in scavenging intensity between subarctic and subtropical regimes is far greater for Pa than for Th. This is actually captured in the modeling of dissolved 231 Pa in the North Pacific by Roy-Barman (2009) , imposed by a larger relative difference in K from ocean margin to ocean interior for 231 Pa than for 230 Th. What is surprising from the INOPEX observations is that "the margin" appears not to be the thin zone of high productivity near the continents but the entire subarctic gyre. The (sub)tropical-subarctic contrast in the upper water column 231 Pa distribution also suggests a threshold type behavior related to the biological community contrast between the gyres.
The tendency of Pa to adsorb onto biogenic opal with greater affinity than other prevalent marine particulate phases (Chase et al., 2002; Geibert and Usbeck, 2004; Guo et al., 2002; Kretschmer et al., 2011; Scholten et al., 2005; Yu et al., 2001 ) is a natural way to link the chemical property of scavenging intensity to the biogeographic property of community structure. Opal concentration and flux is much larger in the subarctic than in the subtropical North Pacific (Bishop et al., 1999; Bishop and Wood, 2008; Karl et al., 2012; Lam et al., 2011; Scharek et al., 1999; Shibamoto and Harada, 2010 ) (Chase et al., 2003) . However, given that the ageing of deep water between M1 and ALOHA is roughly 500 yr (Khatiwala et al., 2012; Matsumoto, 2007) , one expects in-growth toward a linear profile to increase [ 231 Pa] along this route, as in North Atlantic Deep Water (Moran et al., 2002) . Some other process, aside from lateral advection, must be removing 231 Pa from the deep North Pacific. In terms of upwelling, explanation (2), and PMOC in general, the existing distribution of dissolved 231 Pa data is too sparse to evaluate the importance of this process. Another scavenged element with an ocean residence time in the order of or longer than that of Pa is Nd (Goldstein and Hemming, 2003) . The isotopic composition of Nd (ε Nd ) does not show the non-radiogenic signature expected from southern-sourced water at BO-1, in the subarctic (Amakawa et al., 2009) . Seawater profiles of ε Nd from sites across the subtropical North Pacific (Amakawa et al., 2004 (Amakawa et al., , 2009 Piepgras and Jacobsen, 1988) , including SAFe (Pahnke et al., 2012) , indicate a characteristic presence of southern-sourced bottom water in the western but not the central or eastern subtropical Pacific. These observations argue against a basin-wide influence of bottom water inflow and subsequent upwelling on scavenged elements; however, because data on ε Nd in the Pacific are also sparse, uncertainties exist as to whether it can be used to trace water masses as it is in the Atlantic (Jones et al., 2008) .
Bottom scavenging, explanation (3), as the sole deep Pa-removal process, would require an unreasonably large vertical extension in the subtropics but it may be a factor for subarctic Pa. The full water column residence time of 231 Pa at SO202-44 and ALOHA is 103 and 173 yr, respectively. The resulting extent of vertical mixing influence in the subarctic is therefore 0.8-1.6 km, using Eq. (3) and K ρ ¼1-4 Â 10 −4 m 2 s −1 , which is comparable to the depth zone of subarctic 231 Pa depletion. The respective mixing scale at ALOHA is 1-2 km which is smaller than the subtropical depletion zone, 2.5-3 km above the bottom. Additionally, there is no measurable bottom depletion of 230 Th at the SAFe station, which would be expected if bottom scavenging of 231 Pa were occurring in the subtropics. Removal by lateral mixing, explanation (4), is therefore the lead hypothesis for deep Pa depletions in the North Pacific, while bottom scavenging may be equally likely in the subarctic. Removal by lateral mixing implies some deep (42.5 km) 231 Pa sink somewhere in the Pacific, but our results do not reveal its location(s). Future studies, such as the GEOTRACES program, should seek to identify these deep Pa sinks as well as the processes involved. High scavenging intensity at the site of Pa removal could be manifested by a high vertical flux of particles in addition to a change in the chemical composition of particles. In particular, MnO 2 , like biogenic opal, is known to have a strong affinity for Pa (Anderson et al., 1983) . We hypothesize that authigenic Mn (oxy)hydroxide particles or coatings associated with reducing sediment conditions (Spencer et al., 1981) or hydrothermal vents and plumes (Anderson et al., 1990; Shimmield and Price, 1988) act as a predominant 231 Pa sink near continental margins and ridge crests, respectively. In summary, Fig. 5c highlights the differences between subarctic and subtropical profiles of the dissolved 231 Pa/ 230 Th ratio. Uncertainties in the ratio are too large above 500 m to differentiate between the subarctic and subtropics. Within 0.5-2.5 km depth, however, the INOPEX profiles clearly have a lower 231 is not strictly related to contrasting vertical particle flux but involves proximity to a deep 231 Pa sink to which 231 Pa is removed by lateral mixing to a greater extent in the subtropics. This indicates a much larger relative difference in scavenging intensity between the two regimes than within either regime, and the effect is greater for Pa than for Th. We suggest a thresholdlike behavior between gyres in scavenging removal, tied to the distinct ecosystems that inhabit each gyre, with the larger response of 231 Pa linked to scavenging by opal in the subarctic. We conclude that the boundary scavenging concept applies to different spatial scales than originally proposed: gyre to gyre contrast rather than margin (or small zone of high scavenging intensity) to open ocean contrast, at least in the North Pacific.
In deepwater, the contrast in concentration between the subtropics and subarctic is smaller for 231 Pa than 230 Th, as expected from their respective residence times and the timescale for isopycnal mixing. We hypothesize that 231 Pa is strongly scavenged by a putative sedimentary Mn oxide sink primarily at depths 42.5 km throughout the North Pacific. The influence of PMOC on 231 Pa/ 230 Th distributions (Luo et al., 2012 ) cannot be ruled out quantitatively based on our data, although we have focused our interpretations primarily on the biogeographic nature of scavenging regimes.
